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FOREWORD 

This f i n a l  report, in accordance with the requirements of 
Contract NAS9-5842, i s  submitted t o  the Manned Spacecraft Center, 
National Aeronautics and Space Administration. The M S C  technical 
representative for th is  work was Mr. W .  L. Castner. 
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I. INTRODUCTION 

1-1 

Titanium a l l o y s  were f i r s t  used p r i m a r i l y  f o r  moderate-temper- 
a t u r e  s e r v i c e  where a high s t rength- to-weight  r a t i o  was r e q u i r e d .  
T h e i r  use i n  compressor s ec t ions  o f  t u r b o j e t  engines i s  a t y p i c a l  
example. 
determinat ion o f  e l eva ted  temperature creep.  A t  room temperature,  
c r eep  was not considered a problem, 

The normal m a t e r i a l  p r o p e r t i e s  eva lua t ions  included 

Recent a p p l i c a t i o n s  of t i t an ium a l l o y s  have included s e r v i c e  
a t  room temperature and a t  cryogenic temperatures .  Because t i m e -  
dependent deformation was not considered t o  be a problem a t  t h e s e  
temperatures ,  des ign  s t r e s s e s  have been s e l e c t e d  a t  high pe rcen t -  
age o f  t h e  y i e l d  s t r e n g t h .  For cryogenic  s e r v i c e ,  ma te r i a l  com- 
p o s i t i o n  must be c a r e f u l l y  con t ro l l ed  t o  provide adequate tough- 
ness  a t  low temperatures .  However, t h e  composition v a r i a t i o n s  
a l s o  dec rease  room-temperature s t r e n g t h .  The v a r i o u s  combinations 
o f  c o n t r o l l e d  chemical composition and high design stresses have 
l e d  t o  t h e  r e c e n t  i d e n t i f i c a t i o n  of low-temperature creep a s  a 
problem i n  s t r u c t u r e s  o f  t i t an ium a l l o y s .  

A t y p i c a l  example o f  an a p p l i c a t i o n  i n  which low-temperature 
c reep  i s  a problem i s  a helium gas  p r e s s u r i z a t i o n  sphere cooled 
t o  -423OF. The common a l l o y  s e l e c t i o n  f o r  t h i s  a p p l i c a t i o n  i s  
5AL-2.5Sn e x t r a - l o w - i n t e r s t i t i a l  (ELI) t i t a n i u m .  This  composition 
e x h i b i t s  e x c e l l e n t  s t r e n g t h  and toughness a t  -423OF. However, 
t h e  room-temperature p r o p e r t i e s  a r e  s i g n i f i c a n t l y  lower than  those  
obtained wi th  the  normal i n t e r s t i t i a l  grade.  Although p r e s s u r i -  
z a t i o n  spheres  a r e  not s t r e s s e d  u n t i l  t hey  a r e  a t  s e r v i c e  tempera- 
t u r e s ,  t h e s e  v e s s e l s  must be q u a l i f i e d  by proof t e s t i n g .  Hydro- 
s t a t i c  t e s t i n g  a t  room temperature and a maximum pe rmis s ib l e  
stress is a common p r a c t i c e .  The 5AL-2.5Sn ELI t i t a n i u m  a l l o y  
e x h i b i t s  time-dependent p l a s t i c  deformation a t  stresses below t h e  
y i e l d  s t r e n g t h ;  t h e r e f o r e ,  s t r e s s  should be c a u t i o u s l y  s e l e c t e d  
f o r  t he  h y d r o s t a t i c  t es t .  

Data regarding t h e  creep behavior of  t h e  two popular a l l o y s ,  
6Ad-4V and 5AJ-2.5Sn t i tanium, a r e  ve ry  meager. The o b j e c t i v e  
of t h i s  program was t o  evaluate  both a l l o y s  i n  a v a r i e t y  of con- 
d i t i o n s  t o  o b t a i n  v a l i d  c h a r a c t e r i z a t i o n  of t h e i r  low-temperature 
creep behavior .  
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11. TEST PLAN 

11-1 

The t e s t  p l an  f o r  t h i s  program was designed t o  e v a l u a t e  the  
c reep  c h a r a c t e r i s t i c s  of two t i t an ium a l l o y s  a t  room and low 
temperatures .  

The p r i n c i p a l  tes t  parameters considered f o r  t h i s  e v a l u a t i o n  
were : 

1) Time; 

2) Temperature; 

3)  S t r e s s  l e v e l ;  

4 )  Chemical composition; 

5) M e t a l l u r g i c a l  c h a r a c t e r i s t i c s .  

These parameters a r e  def ined i n  t h e  fol lowing paragraphs.  

- Time - Sustained load t e s t i n g  w i l l  be terminated a f t e r  100 
h r  if no measurable creep* occurs  i n  t h a t  per iod o f  t i m e .  
measurable creep does occur during t h e  100-hr p e r i o d ,  t h e  t e s t  
w i l l  be extended u n t i l  rup tu re  occur s  o r  500 h r .  

I f  

Temperature - Tes t ing  w i l l  be conducted a t  70°F f o r  a l l  ma- 
t e r i a l s  and a t  -l lO°F f o r  t h e  material e x h i b i t i n g  the most s ig -  
n i f i c a n t  creep a t  70°F. 
if t h e  -110°F resul ts  warrant  such a c t i o n .  

Test ing a t  -320°F w i l l  be considered- 

S t r e s s  Level - Room temperature c reep  t e s t s  w i l l  be performed 
a t  s t r e s s  l e v e l s  from 50 t o  100% of the  y i e l d  s t r e n g t h  of t h e  
m a t e r i a l .  Low temperature creep tests w i l l  be performed at: stresses 
from 75 t o  100% of t h e  low temperature y i e l d  s t r e n g t h .  

Chemical Composition - Two a l l o y s  w i l l  be eva lua ted ,  6A1-4V 
and 5AJ-2.5Sn t i t an ium,  i n  the normal and ELI grades.  

%or t h i s  program, measurable c reep  i s  de f ined  a s  p l a s t i c  
deformation g r e a t e r  t han  200 p i n . / i n .  o r  0.02% s t r a i n .  



11-2 MCR-67-221 

Meta l lurg ica l  C h a r a c t e r i s t i c s  - A l l  a l l o y s  w i l l  be t e s t e d  i n  
t h e  longi tudina l  d i r e c t i o n  using s h e e t  ma te r i a l  i n  t h e  0.080 t o  
0.125-in. th ickness  range.  The s h e e t  m a t e r i a l  w i l l  r e p r e s e n t  a 
f ine-grained wrought s t r u c t u r e .  One s h e e t  of 5A.8-2.5Sn ELI 
t i t an ium w i l l  be i n t e n t i o n a l l y  hea t  t r e a t e d  t o  produce a coa r se  
g r a i n  s t r u c t u r e .  The 5AR-2.5Sn ma te r i a l  w i l l  a l s o  be eva lua ted  
i n  t h e  forged cond i t ion  ( f ine-gra ined  s t r u c t u r e ) .  One s h e e t  on 
5AR-2.5Sn ELI f ine-gra ined  shee t  w i l l  a l s o  be  t e s t e d  i n  the  
t r ansve r se  d i r e c t i o n .  The 6A.4-4V t i t a n i u m  a l l o y  w i l l  be t e s t e d  
i n  both t h e  annealed,  a s  w e l l  a s  s o l u t i o n - t r e a t e d  and aged con- 
d i t i o n s ,  
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111. MATERIALS 

A l l  s h e e t  m a t e r i a l  required f o r  t h i s  program was supp l i ed  by 
t h e  Titanium Metals Corporation of America (TMCA). It was no t  
p o s s i b l e  t o  procure m a t e r i a l  i n  a l l  of t h e  cond i t ions  o r i g i n a l l y  
d e s i r e d  f o r  t h e  program. As a r e s u l t ,  one change, descr ibed l a t e r ,  
was incorporated i n t o  o u r  plan. The forged material  w a s  supp l i ed  
through t h e  cour t e sy  of Cameron I r o n  Works, Houston, Texas. This 
material  was obtained from a s c rap  p r e s s u r e  v e s s e l  f o r g i n g  t h a t  
was r e j e c t e d  because of dimensional accuracy.  
t ype  of m a t e r i a l  r a t h e r  than a s e c t i o n  of b i l l e t  s t o c k  t h a t  had 
merely been forged t o  provide specimens was made s o  t h a t  our prop- 
e r t y  e v a l u a t i o n  would b e s t  c h a r a c t e r i z e  t h e  f o r g i n g  a p p l i c a t i o n  
of t h i s  a l l o y  i n  aerospace s e r v i c e .  Figure 111-1 shows t h e  f i r s t  
hemisphere s e c t i o n  received from Cameron. T e s t  specimens were re- 
moved mer id iona l ly  as  shown i n  t h e  photograph. A second s e c t i o n  
from t h e  same f o r g i n g  was suppl ied by Cameron f o r  t h e  low-temper- 
a t u r e  t e s t i n g .  

S e l e c t i o n  of t h i s  

Vendor c e r t i f i c a t i o n  da ta  f o r  chemical composition and mechan- 
i c a l  p r o p e r t i e s  are given i n  Table 111-1. 

During the  course of t he  material  procurement phase of t h e  pro- 
gram, w e  were unable t o  ob ta in  normal i n t e r s t i t i a l  6A.l-4V t i t a n i u m  
i n  t h e  STA cond i t ion .  Actual ly ,  material could be obtained t h a t  
was covered by t h e  normal i n t e r s t i t i a l  s p e c i f i c a t i o n s ;  however, 
t h e  chemistry w a s  i d e n t i c a l  t o  t h a t  f o r  t h e  E L I  grade.  A s  a re- 
s u l t ,  we decided t o  eva lua te  a second h e a t  of 5A.l-2.5Sn E L I  t o  
show t h e  e f f e c t  of hea t - to -hea t  v a r i a t i o n s  on c reep  behavior.  

A l l  m a t e r i a l s  were evaluated i n  t h e  as-received cond i t ion .  
I n  a d d i t i o n ,  a p o r t i o n  of the 5A.l-2.5Sn ELI s h e e t  m a t e r i a l  was 
h e a t  t r e a t e d  t o  produce a coarse-grained s t r u c t u r e .  It was de- 
s i r e d  t o  merely e v a l u a t e  the e f f e c t  of g r a i n  s i z e .  However, with-  
ou t  p r e p a r a t i o n  of s p e c i a l  m a t e r i a l ,  g r a i n  coarsening of t h e  a l -  
pha s t r u c t u r e  cannot be achieved. The a l t e r n a t i v e  approach, used 
i n  t h i s  work, i s  t o  achieve g r a i n  coa r sen ing  by h e a t i n g  the  mate- 
r i a l  above the  b e t a  t r a n s u s  t o  develop the  p r i o r  b e t a  g r a i n  s t r u c -  
t u r e .  Care must be exercised i n  performing t h i s  ope ra t ion  because 
extreme coarsening can occur as temperature  i s  r a i s e d  i n  excess of 
t h e  t r a n s u s  or  i f  t h e  m a t e r i a l  is maintained a t  temperature .  A l -  
though t h e  b e t a  t r a n s u s  temperature range f o r  t h e  a l l o y  i s  w e l l  
known, t h e  s p e c i f i c  t r a n s u s  temperature  can vary s u f f i c i e n t l y  so  
t h a t  excess ive  coarsening could r e s u l t .  Therefore ,  a c a r e f u l l y  
c o n t r o l l e d  determinat ion of t h e  b e t a  t r a n s u s  was conducted for 
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t h e  ac tua l  material t o  be transformed. The t r ansus  temperature 
was found t o  be 1860 t o  1870°F. The r e s u l t i n g  g r a i n  s i z e  d e t e r -  
mined on s m a l l  specimens a t  t h e  b e t a  t r a n s u s  temperature was ap-  
proximately ASTM 1. However, we were unable t o  keep t h i s  g r a i n  
s i z e  l e v e l  i n  transforming t h e  much l a r g e r  q u a n t i t y  of material  
r e q u i r e d  f o r  specimen p repa ra t ion .  
mined on specimen blanks was ASTM -1 t o  0 .  
t h e  mic ros t ruc tu re  of the transformed a l l o y .  

The average g r a i n  s i z e  d e t e r -  
Figure 111-2 shows 

Metallographic examination was performed f o r  a l l  as-received 
m a t e r i a l s ,  
Z), observat ions with regard t o  s t r u c t u r e  were made. The t h r e e  
h e a t s  of r o l l e d  5AJ-2.5Sn t i t an ium s h e e t  a l l  showed g e n e r a l l y  f i n e  
g ra ined ,  equiaxed s t r u c t u r e s .  Heat A was t h e  c o a r s e r  grained of 
t h e  t h r e e  and showed a somewhat more equiaxed s t r u c t u r e .  The nor- 
mal i n t e r s t i t i a l  m a t e r i a l  showed g r a i n  boundaries t h a t  were less 
w e l l  defined than Heat A. The Heat B m a t e r i a l  e x h i b i t e d  more e v i -  
dence of  p r i o r  working than the  o t h e r  two h e a t s .  F igu res  111-3 
t h r u  111-5 show the  mic ros t ruc tu res  of t h e  t h r e e  h e a t s  of r o l l e d  
5AJ-2.5Sn s h e e t .  None of t h e  s t r u c t u r e s  were judged t o  be abnor- 
mal. The 5AL-2.5Sn fo rg ing  exh ib i t ed  a coa r se r  g ra ined  s t r u c t u r e  
than  t h e  sheet  m a t e r i a l .  Grains  were moderately equiaxed b u t  
showed d e f i n i t e  evidence of t h e  p r i o r  working above t h e  b e t a  
t r a n s u s  temperature.  The 500X photomicrograph i n  F ig .  111-6 shows 
t h e  a c i c u l a r  a lpha i n  t h e  s t r u c t u r e  r e s u l t i n g  from t r ans fo rma t ion .  

I n  add i t ion  t o  determining t h e  g r a i n  s i z e  (Table 111- 

The 6AR-4V t i t an ium h e a t s  showed an extremely f ine -g ra ined  
s t r u c t u r e .  S t r u c t u r e s  f o r  t h e  annealed and f u l l y  h e a t  t r e a t e d  
(STA) ma te r i a l s  were t y p i c a l  f o r  r o l l e d  s h e e t .  F igu res  111-7 t h r u  
111-9 show t h e  mic ros t ruc tu res  for  each h e a t .  

Table 111-2 ASTM Grain S ize  f o r  Program Materials 
_ _ _ _ ~  

Alloy T G r a d e  and Condition 

5Ai-2.5Sn 

5AJ-2.5Sn 

5AJ-2.5Sn 

5A.l-2.5Sn 

5Ai-2.5Sn 

6AR-4V 

6A.8-4V 

6Ai-4V 

~ 

Normal I n t e r s t i t i a l ,  
Anne a1 e d 

ELI ,  Annealed (Heat 

ELI, Annealed (Heat 

E L I ,  Annealed, Coarse 
Grained (Heat B) 

E L I ,  Annealed Forging 

Normal I n t e r s t i t i a l ,  
Annealed 

E L I ,  Annealed 

ELI,  So lu t ion  Treated 
and Aged 

A) 

B) 

ASTM Grain S i z e  

8 t o  9 

7 t o  8 

8 t o  9 

-1 t o  D 

5 t o  6 

10 

10 

10 
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I V .  EXPERIMENTAL PROCEDURES AND TECHNIQUES 

This  s e c t i o n  desc r ibes  the procedures and techniques used f o r  
t e n s i l e  and creep t e s t i n g  at both 70 and -110°F. 

A .  TENSILE TESTING 

Room temperature s h e e t  specimens were machined according t o  
t h e  requirements f o r  t he  s tandard r e c t a n g u l a r  t ens ion  sDecimen 
wi th  a 2- in .  gage length,  as s p e c i f i e d  i n  ASTM E8-61T. 

Round bar  threaded-end specimens were used f o r  e v a l u a t i o n  of 
forged m a t e r i a l s  a t  both 70 and -110°F. Specimen design was t h e  
s t anda rd  0.350-in.  gage diameter ba r  s p e c i f i e d  i n  ASTM E8-61T.. 

T e n s i l e  t e s t i n g  was performed according t o  the  s p e c i f i c a t i o n s  
given i n  ASTM E8-61T. A 50,000-lb Baldwin-Lima-Hamilton (BLH) 
Model FGT screw-driven machine equipped with an SRA-7 s t r a i n  gage 
autographic  r eco rde r  w a s  used t o  r eco rd  load -ve r sus - s t r a in  curves.  
S t r a i n  w a s  measured using bonded cons t an tan  r e s i s t a n c e  s t r a i n  gages. 
The e r r o r  of s t r a i n  measurements u s ing  t h i s  technique i s  e s t ima ted  
t o  be w i t h i n  250 p i n . / i n .  exceeding t h e  requirements f o r  q u a l i f i -  
c a t i o n  as a Class  B - 1  extensometer. The t e s t i n g  machine load ac- 
curacy i s  w i t h i n  + l . O % .  Tes t ing  w a s  performed a t  a s t r a i n  r a t e  
of 0.005 in . / i n . /minu te  t o  y i e l d  and 0.05 in . / i n . /minu te  from y i e l d  
t o  f r a c t u r e .  A minimum of t r i p l i c a t e  specimens were t e s t e d  f o r  
each m a t e r i a l  and condi t ion;  however, i n  most cases ,  f i v e  r e p l i -  
c a t e  de t e rmina t ions  were performed. 

The same equipment with a s u i t a b l e  c r y o s t a t  was used f o r  t e s t -  
ing a t  -110°F. S t r a i n  in s t rumen ta t ion  used f o r  low temperature 
t e s t i n g  w a s  e s s e n t i a l l y  t h e  same as t h a t  used f o r  room tempera- 
t u r e  t e s t i n g ,  
compensating r e s i s t o r s  was accomplished wi th  a br idge c o n s i s t i n g  
of a s t r a i n  gage mounted on a t i t a n i u m  board and immersed i n  t h e  
l i q u i d  ba th .  Using t h i s  technique, a l l  arms of t h e  b r idge  are 
a c c u r a t e l y  matched f o r  r e s i s t a n c e .  Temperature was c o n t r o l l e d  
with a cons t an t  temperature bath of d ry  i c e  and a l coho l ,  

Bridge balancing without  t h e  n e c e s s i t y  f o r  e x t e r n a l  
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B. CREEP TESTING 

Creep specimens f o r  s h e e t  m a t e r i a l s  were machined according 
t o  t h e  conf igu ra t ion  given i n  F ig .  IV-1. 
material  were machined according t o  t h e  same s p e c i f i c a t i o n s  used 
f o r  t h e  round bar  t e n s i o n  specimens. 
of specimens instrumented with r e s i s t a n c e  s t r a i n  gages. 

Specimens of t h e  forged 

Figure IV-2 shows both types 

Creep t e s t i n g  was performed i n  accordance with t h e  g e n e r a l  
s p e c i f i c a t i o n s  r equ i r ed  by ASTM E139-61T. 
machines were used. These included Sa tec  deadweight, BLH fo lded  
ann deadweight, and BLH dynamometer creep testers.  F igu re  IV-3 
shows fou r  of t h e  machines used f o r  t h i s  i n v e s t i g a t i o n .  

A v a r i e t y  of connnercial 

S t r a i n  in s t rumen ta t ion  was provided using bonded r e s i s t a n c e  
s t r a i n  gages a s  t h e  primary system. For s t r a i n  l e v e l s  above t h e  
c a p a b i l i t y  of bonded r e s i s t a n c e  gages, mechanical extensometers 
were used. 
t i o n .  The mechanical extensometers  were not as s e n s i t i v e  as s t r a i n  
gages,  but provided s u f f i c i e n t  accuracy t o  c h a r a c t e r i z e  p l a s t i c  
behavior  i n  the 1 t o  5% s t r a i n  range.  The extensometers,  which 
were b u i l t  s p e c i a l l y  f o r  t h i s  program, were of t he  s t r a i n  gage 
s p r i n g  beam type.  The beams, shown i n  Figure IV-4, c l i p  i n t o  
s p r i n g  clamping blocks a t t a c h e d  t o  the specimen. F igu re  IV-5 shows 
a s e r i e s  of t h ree  loaded specimens wi th  extensometers a t t a c h e d .  
Specimens a r e  a l s o  s t r a i n  gage instrumented. By v i r t u e  of t h e  s i m -  
p l e  clamping system, the  extensometers cannot be expected t o  g ive  
accuracy comparable t o  t h a t  ob ta ined  wi th  bonded r e s i s t a n c e  gages. 
However, c a l i b r a t i o n  and a c t u a l  t e s t i n g  have shown t h a t  t h e  ex- 
tensometers were e x c e l l e n t  f o r  t h e  o b j e c t i v e s  of t h i s  program. 

Th i s  provided good accuracy up t o  1.5% t o t a l  deforma- 

S t r a i n  readout f o r  t h e  bonded r e s i s t a n c e  gages was accomplished 
manually using a BLH Model N s t r a i n  i n d i c a t o r .  S t r a i n  determina- 
t i o n s  were performed on an as-needed b a s i s  depending on t h e  ra te  
a t  which creep was occur r ing  s o  t h a t  a c c u r a t e  c h a r a c t e r i z a t i o n  Of 
t h e  creep behavior could be determined. An autographic  system was 
used f o r  t h e  mechanical extensometers.  
a c o n t r o l l e d  vo l t age  power supply and p r e c i s i o n  meter, an auto-  
matic s tepping r e l a y  ( s p r i n g  loaded, so l eno id  operated,  w i th  gold 
c o n t a c t s ) ,  i n d i v i d u a l  b r idge  and balancing netw0rk.s f o r  each chan- 
n e l ,  and a s t r i p  c h a r t  r eco rde r .  A t o t a l  of 1 2  s t r a i n  channels  
were incorporated i n  t h i s  u n i t .  I n  a d d i t i o n ,  ano the r  12 r e f e r e n c e  
s i g n a l s  were used so t h a t  system o p e r a t i o n  could be checked between 
each s t r a i n  recording.  The swi t ch ing  r a t e  was a d j u s t a b l e .  For  
t h i s  program, s t r a i n  w a s  monitored f o r  each channel f o r  11 minutes 
every 4 h r .  

This  system c o n s i s t e d  of 
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Fig. I V - 1  Configuration for Creep Specimen 

Fig .  IV-2 Sheet and Round Bar Creep Specimens 
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Fig. IV-4 Extensometer Beam Fig. IV-5 Typical Creep Testing Setup 
Using Bonded Strain Gages 
and Mechanical Extensometer 
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BLH FAB-50 constantan s t r a i n  gages were chosen f o r  t h e  70°F 
work on t h e  recommendation of t h e  manufacturer as  t he  b e s t  choice 
f o r  extended t i m e  use. 
gages. No waterproofing w a s  used. To confirm t h a t  t h e  s t r a i n  
gage-adhesive system was s a t i s f a c t o r y  f o r  t h e  proposed t i t an ium 
t e s t i n g ,  a simple e v a l u a t i o n  was conducted. This eva lua t ion  con- 
s i s t e d  of bonding t h e  gages t o  a h igh - s t r eng th  t i t an ium a l l o y  which 
would no t  c r eep ,  and determining whether loading and unloading 
s t r a i n s  were equal .  We s e l e c t e d  1 3 V - l l C r - 3 A L  t i t an ium f o r  t h i s  
eva lau t ion  because of i t s  extremely high s t r e n g t h  and freedom from 
room temperature creep.  Specimens were s t r a i n e d  t o  va r ious  l e v e l s  
between 1.0 and 2.0%. 
t h e  gage occurred up t o  1.5%. A t  2.0% s t r a i n ,  occas iona l  s l i p p i n g  
occurred. A s  a r e s u l t  of t h i s  e v a l u a t i o n  we concluded t h a t  t h e  
s t r a i n  gage technique.was s a t i s f a c t o r y  t o  1.5% t o t a l  s t r a i n .  

The EPY-400 adhesive was used t o  apply t h e  

The r e s u l t s  i n d i c a t e d  t h a t  no s l i p p i n g  of 

For t h e  -110°F creep t e s t i n g ,  nichrome gages (BLH'FNH-100) were 
s e l e c t e d  because of t h e i r  g r e a t e r  low temperature  s t a b i l i t y  when 
compared wi th  constantan.  EPY-400 was s e l e c t e d  f o r  gage bonding. 

The mechanical extensometers were c a l i b r a t e d  by f i r s t  a d j u s t -  
i n g  the l eng th  of t h e  s t r a i n  beam arms f o r  each u n i t  t o  g ive  ap- 
proximately t h e  same output  f o r  a given d e f l e c t i o n .  The exten- 
someter was then c a l i b r a t e d  t o  g ive  d e f l e c t i o n  versus  s t r a i n  out-  
put  da t a  and d e f l e c t i o n  ve r sus  s t r i p  c h a r t  displacement d a t a .  
The l a t t e r  information was used t o  provide t h e  c a l i b r a t i o n  f a c t o r  
f o r  each channel so  t h a t  t e s t  d a t a  could be converted t o  s t r a i n .  
The former d a t a  were used t o  provide a backup f o r  manual d a t a  c o l -  
l e c t i o n  i n  t h e  event of a r eco rd ing  system malfunct ion o r  f o r  pe- 
r i o d i c  checking of t h e  system ope ra t ion .  Def l ec t ion  of t h e  ex- 
tensometer was achieved using a micrometer graduated i n  0.0001-in. 
d i v i s i o n s .  This corresponds t o  0.005% o r  50 u i n . / i n .  s t r a i n  f o r  
t h e  2-in. gage l eng th  used f o r  t e s t i n g .  

The t e s t i n g  procedure c o n s i s t e d  of loading t h e  t h r e e  s e r i e s  
loaded specimens and determining t h e  i n i t i a l  loaded s t r a i n  with 
t h e  bonded r e s i s t a n c e  gages as soon a s  p o s s i b l e .  Since t h i s  was 
performed manually wi th  a s t r a i n  i n d i c a t o r ,  i t  took s e v e r a l  min- 
u t e s  t o  determine t h e  t h r e e  loading s t r a i n s .  For t h e  tests a t  
t h e  lower stress l e v e l s ,  t h e  s t r a i n s  a t  completion of t e s t i n g  
were s u f f i c i e n t l y  low t o  permit t h e  unloading s t r a i n s  t o  be meas- 
ured with t h e  s t r a i n  gages.  For those  t e s t s  t h a t  exceeded the  
s t r a i n  c a p a b i l i t y  of t h e  bonded gages,  unloading d a t a  were not 
obtained because t h e  mechanical extensometer system was no t  s u f -  
f i c i e n t l y  s e n s i t i v e  f o r  t h i s  purpose. 
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Note t h a t  t h e  loading da ta  f o r  t h e  h i g h e r  s t ress  l e v e l s  re- 
f l e c t s  t he  t i m e  r equ i r ed  t o  t ake  t h r e e  consecut ive r ead ings ,  
a s  t h e  readings f o r  each of t h e  t h r e e  specimens t e s t e d  a t  t h e  low- 
e r  stress l e v e l s  show e x c e l l e n t  agreement; t h e  h ighe r  l e v e l  d a t a  
o f t e n  show an i n c r e a s i n g  s t r a i n  f o r  each specimen i n  t h e  sequence 
of reading t h e  s t r a i n  instrument.  
er creep r a t e s  a t  h ighe r  s t r e s s  l e v e l s .  

Where- 

This i s  i n d i c a t i v e  of t h e  high- 

IV-7 
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V . EXPERIMENTAL RESULTS 

P r e s e n t a t i o n s  of experimental  r e s u l t s  f o r  both t e n s i o n  and 
creep t e s t s  a re  given i n  t h i s  c h a p t e r .  

A .  TENSION TESTS 

Tension d a t a  f o r  t he  room temperature tests a r e  given i n  
Table V - 1 .  
t i t an ium f o r g i n g  are g iven  i n  Table  V - 2 .  

Low temperature t e n s i l e  t e s t  d a t a  f o r  the 5AJ-2.5Sn 

B.  CREEP TESTS 

S t r a i n  v e r s u s  t i m e  d a t a  for t h e s e  s t ress  l e v e l s  fo r  which 
measurable c reep  occurred a r e  presented g r a p h i c a l l y  a s  log-log 
p l o t s  i n  F ig .  V - l  th ru  V-10. 
each a l l o y  g i v e  a d d i t i o n a l  information n o t  included i n  t h e  graph- 
i c a l  p r e s e n t a t i o n  (Tables V - 3  t h r u  V-12) .  
are load ing  and unloading s t r a i n s ,  minimum creep ra te ,  and t,otal 
creep s t r a i n  a t  completion o f  t e s t .  

Tabular  p r e s e n t a t i o n s  of  d a t a  for 

Typical a d d i t i o n a l  d a t a  
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Table  V-1 Room Temperature T e n s i l e  R o p e r t i e s  

Alloy 

5At-2.5Sn 

5A.l-2.5Sn 

5At-2.5Sn 

5Al-2.5Sn 

5Ad-2.5Sn 

5At-2.5Sn 

6M-4V 

6Ae-4v 

6Al-4V 

Grade and 
Condit ion 

N o m 1  I n t e r s t i t i a l ,  
Annealed 

ELI, Annealed 
(Heat A) 

ELI, Annealed 
(Heat A) 

ELI,  Annealed 
( H e a t  B) 

ELI, Annealed, 
Coarse Grained 
(Heat B )  

ELI, Annealed, 
Forging 

N o m 1  I n t e r s t i t i a l ,  
Annealed 

ELI, Annealed 

ELI, So lu t ion  Treatec 
and Aged 

Grain 
Di rec t ion  

Long. 

Long. 

T rans  

Long. 

Long. 

H e r i d i o m  

Long. 

Long. 

Long. 

Y ie ld  S t r eng th ,  
0.2% O f f s e t  (k s i )  

122.6 
121.7 
121.9 
121.6 
12E4 
122.2 Avg 

103.7 
104.5 
105 .O 
104.1 
105.8 
104.6 Avg 

106.2 
109.4 
106.5 
107.5 

107.1 Avg 

113.2 
108.6 
108.9 
110.2 Avg 

96.5 
98.9 

97.1 Avg 

104.0 
107.9 

105.8 Avg 

1 3 1 . 9 ,  
132.2 
134.0 
133.3 

105.6 

132.7 Avg 

134.9 
138.0 
131.1 
137.2 
23.A 
134.9 Avg 

149.6 
149.2 
149.4 
149.2 

149.5 Avg 
14p9 

Ultimate  S t r eng th  
( k s i )  

135.1 
135.2 
135.5 
134.5 

135.3 Avg 

115.8 
116.8 
116.6 
116.2 

136.3 

116.3 Avg 

114.2 
114.2 
114.6 
115.5 

114.5 Avg 

122.4 
121.8 
122.4 
122.2 Avg 

110.8 
112.7 

111.3 Avg 

113.5 
114.7 

113.7 Avg 

139.3 
140.0 
140.7 
141.4 

140.2 A v ~  

142.0 
142 .O 
141.8 
144.7 

142.6 Avg 

163.9 
164.0 
164.4 
163.9 
164.1 
164.1 Avg 

ALL! 

LEU 

Table V-2 T e n s i l e  P r o p e r t i e s  oE 5A.l-2.5Sn Forging* a t  -110'F 

__ 
tlonga t i o n ,  

( %) 

15 .O 
15.5  
15 .5  
15.5 

15.4 Avg 

19  .O 
18.5 
18.5 
18.5 

18.3 Avg 

19.0 
18.5 
18 .o 
19.0 
I?ts 
18.6 A v ~  

16.7 
15.5 

16.3 Avg 

14.1 
9 .9  

m 

M 
11.8 A v ~  

14  .O 
12.0 
E& 
13.2 Avg 

16.5 
16.0 
16.0 
1 5  .O 

15.9 Ave 

16.0 
15 .O 
15.5 
15.5 

15.5 A v ~  

10.5 
12 .o 

9.5 
10.0 
u9 
10.6 Avg 

LLQ 

!2L 

Yie ld  Strength.  U l t i m a t e  S t r eng th  ElongaKion, Reduction of 
0.2% O f f s e t  (hi) (hi) ( X )  Area (7.) 

126.5 132.3 9.0 33.0 

126.0 132.3 9.9 31.9 

!a& u 
127.0 Avg 133.2 Avg 9.1 Avg 32.4 Avg 

% e r i d i o M 1  d i r e c t i o n .  

Reduction 
,f Area (%) 

33.2 
32.5 
2.2 
33.3 Avg 
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Fig. V-1 Strain V E  Time for 5M-2.5Sn (Normal Interst i t ia l )  Titanium a t  70°F 
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F i g .  V-2 Strain vs Time for Longitudinal 5U-2.5Sn (ELI) Titanium 
(Heat A) at 70°F 
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Fig. V-3 Strain vs Time for Trahqverse 5U-2.5Sn (ELI) Titanium 
(Heat A) at 70°F 
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Fig. V-4 Strain vs Time for 5U-2.5Sn (ELI) Titanium 
(Heat B) at 70°F 
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Fig. V-5 Strain vs Time for 5Al-2.5Sn (ELI) Titanium 
(Coarse Grained, Heat B) a t  70'F 
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Fig. V-6 Strain vs Time for 5M-2.5Sn (ELI) Titanium 
.Forging at 7OoF 



MCR-67-221 

Time (hr) 

Fig. V-7 Strain vs Time for  5Aa-2.5Sn (ELI) Titanium 
Forging at -110'F 
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Fig.  V-8 Strain vs Time for 6M-4V (Normal Interst i t ia l )  Titanium 
(Annealed) at  70°F 
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Fig, V-9 Strain vs Time for 6M-4V (ELI) Titanium (Annealed) at 70'F 
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F i g .  V-10 Strain v6 Time for 6ke-4V (ELI) Titanium (Solution 
Treated and Aged) at 70°F 
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Table 8-3 Creep Behavior of 5AL-2.5Sn (Normel I n t e r s t i t i a l )  Titanium a t  70°F 
1 

I *sG = a t r a i n  gage; Ext = extensometer. 1 

Table V-4 Creep Behavior of MI-2.5Sn (ELI) Titanium (Heat A, Long.) a t  70'F 

I I I I I I Terminal Data 1 
Licated Creep S t r a i n  (7.) 

290 
355 

c2Girti Test  I Total Creep 1 Unloading 
I . , Durat ion S t r a i n  S t r a i n  

-- 525 0.56 0.57 
504 1.12 0.61 

4.5 Avg 504 1.08 0.61 
504 1.22 0.62 

I 500 I 1.20 I 0.60 I 
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Tab le  V-7 Creep Behavior of 5Al-2.5Sn (ELI) Titanium (Heat B, Coarse Gra in )  a t  70'F 

I 'Specimen f r ac tu red .  

Table V-8 Creep Behavior of 5U-2.5Sn (ELI) Titanium (Forging) a t  70°F 

S t r e s s  
Level 

95 

*sG - 0 
I 

I I I I Terminal Data 1 

k a s u r e m e n t  
Technique* 

SG 

SG 

Ext 

Ext 

, t r a i n  gage; Ea t - . extensometer .  

i t r a i n  (2 )  

TG-t-YG 

I 

I:; I 296 
66 -- 

S t r a i n  

0.26 0.49 
2.8 Avg 0.26 0.50 

520 0.37 0.50 

506 0.53 _ _  
4.2 Avg 506 0.73 _ _  

506 0.88 -- 
500 1.50 0 . 5 2  

17.0 Avg 500 2.18 -- 
500 1.80 0.45 
507 4.04 -- 

25.0 Avg 501 3.66 -- 
50 7 4.02 

1 
-- 

Table V-9 Creep Behwior  of 5AC-2.5Sn (ELI) Titanium v o r g i n g )  a t  -110OF 



ninirmm 
Stress  Loading Time (hr )  t o  Indicated Creep Strain ( X )  Creep %te 
Level Measurement S t ra in  ( x )  Technique* ( X )  ' 0.02 0.05 0.10 0.20 0.50 1.00 2.00 (10-4X/hr) 

0.76 -- 28 39 58 117 402 -1- ] 5.8 Avg 0.77 -- 3 5 7 16 51 
0.75 -- 18 20 26 47 157 -- 
0.77 -- -- -- -- 1 3 17 
0.78 -- -- -- -- 2 6 35 17.5 Avg 
0.78 -- -- -- -- 1 3 28 

90 SG 

95 Ext 

Terminnl Dam 

Duration Strain St ra in  
Test ~ Total Creep Unloading 

(hr) (XI (U 
497 1.08 0.82 
497 1.61 0.76 
497 1.34 0.81 

4.15 -- 533 
3.65 533 
3.80 -- 533 

-- 
*SG = S t r a i n  gage; Ext = extensometer. 
i 

- 
Minimu 

lording Time (hr) t o  Indicated Creep St ra in  (7.) Creep Rate S t reas  
Level Measurement S t ra in  

( X )  Technique* (7.) 0.02 0.05 0.10 0.20 0.50 1.00 2.00 (lO-'%/hr) 

8 15 25 45 118 288 -- 0.71 
6 10 17 30 67 175 -- 90 SG 0.71 

0.71 7 12 20 33 80 185 -- 
0.75 -- -- -- -- 2 4 16 
0.75 _ _  _ _  _- -- -- 2 9 
0.75 -- -- -- -- -- , 1 6 

8.7 Avg 

12.0 Avg Ext 95 

Terminal Data 

hrration Straio St ra in  
Teat Total  Creep Unloading 

( X )  mr) (%) 
627 1.37 0.75 

1.50 0.76 627 
627 1.50 0.76 

4.37 -- 505 
505 4.55 
505 

_- 
4.70 , _- 
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V I .  DISCUSSION OF RESULTS 

A. TENSION BEHAVIOR 

VI-1 

A comparison of the  t e n s i l e  d a t a  from the  vendor 's  c e r t i f i c a -  
t i o n s  (Table 11-1) wi th  t h e  experimental  r e s u l t s  of t h i s  program 
(Table V-1)  shows e x c e l l e n t  agreement f o r  a l l  the  as-received 
shee t  m a t e r i a l s .  S t rength  r e s u l t s  agreed wi th in  5%. The ex- 
cept ion  was the  d a t a  f o r  t h e  forg ing  m a t e r i a l  which our r e s u l t s  
show t o  be almost 10% lower than the  vendor c e r t i f i c a t i o n .  The 
d i f f e r e n c e  between our r e s u l t s  and the  vendor ' s  c e r t i f i c a t i o n  i s  
due t o  the  f a c t  t h a t  c e r t i f i c a t i o n  i s  performed on the  forging 
s tock ,  and no t  on the  f in i shed  fo rg ing .  It i s  expected t h a t  t h e  
p re s s  forg ing  ope ra t ion  w i l l  a l t e r  t he  s t r e n g t h  p r o p e r t i e s .  

The two h e a t s  of 5Ad-2.5Sn (ELI) t i t an ium shee t  e x h i b i t  a 
no t i ceab le  d i f f e r e n c e  i n  s t r e n g t h  p r o p e r t i e s .  A comparison o f  
the  chemistry f o r  the  two a l loys  i n d i c a t e s  no b a s i s  f o r  d i f f e r e n t  
s t r e n g t h s ,  However , t he  meta l lographic  examination showed a d i f  - 
fe rence  i n  mic ros t ruc tu re .  Heat A exhib i ted  a somewhat more 
equiaxed and coarser  grained s t r u c t u r e  than Heat B .  The behavioral  
t rend of the  s t r e n g t h  p rope r t i e s  i s  i n  agreement w i t h  the  expected 
e f f e c t  of mic ros t ruc tu ra l  v a r i a t i o n s .  

The s t r e n g t h  p r o p e r t i e s  of t he  forg ing  were i n  c lose  agreement 
w i t h  t h a t  of ELI  shee t  m a t e r i a l .  The coarse-grained m a t e r i a l  ex- 
h i b i t e d  the  lowest s t r e n g t h  p r o p e r t i e s  of t he  5AO-2.5Sn E L I  t i -  
t anium . 

I n  gene ra l ,  t he  s t r e n g t h  p r o p e r t i e s  of  the  5AR-2.5Sn ( E L I )  
t i t an ium va r i ed  wi th  g r a i n  s i z e ,  from lowest s t r e n g t h  f o r  t h e  
transformed ma te r i a l  t o  h ighes t  s t r e n g t h  f o r  t he  f i n e  grained 
h e a t  B m a t e r i a l ,  The s i g n i f i c a n t  d i f f e r e n c e  i n  s t r e n g t h  between 
the  ELI and normal i n t e r s t i t i a l  5Al-2.5Sn t i tanium i s  i l l u s t r a -  
t i v e  of the  e f f e c t  of oxygen i n  t h i s  a l l o y ;  t he  E L I  material con- 
ta ined  only 0.09% oxygen whereas the  normal i n t e r s t i t i a l  a l l o y  
contained 0.17% oxygen. 

The normal and ELI 6AL-4V t i t an ium (annealed condi t ion)  ex- 
h i b i t e d  very s imilar  s t r eng th  p r o p e r t i e s .  
chemical compositions showed t h a t  t hese  two m a t e r i a l s  have almost 
i d e n t i c a l  chemis t r i e s .  

Examination of t he  
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B. CREEP TESTS 

Creep t e s t  r e s u l t s  a r e  summarized i n  Table V I - 1 .  The r e s u l t s  
a r e  i n  general  agreement with 'expected behavior based on an under- 
s tanding  of a l l o y  chemistry and mic ros t ruc tu ra l  e f f e c t s .  The 
creep curves obtained were, f o r  t he  most p a r t ,  s a t i s f a c t o r y .  
However, i t  was noted t h a t  creep curves obtained on the  BLH 
dynamoneter creep racks were f r equen t ly  sub jec t  t o  abnormal shapes 
i n  the  i n i t i a l  s t ages .  This  i s  a t t r i b u t e d  t o  t h e  loading and con- 
t r o l  system used i n  these  racks .  The load i s  appl ied  by a motor 
d r iven  screw. A dynamometer sensing element motor provides the  
e r r o r  s i g n a l  f o r  a servo-system which d r i v e s  the  loading motor. 
We have discovered t h a t  t he  system response i s  r a t h e r  poor and 
t h a t  r e l a x a t i o n  can occur i n  the  load t r a i n  without  a c t i v a t i n g  
the servo-mechanism. Much of our t e s t i n g  a t  the  85 and 90% l e v e l  
was performed using these  racks .  The deadweight racks  operated 
i n  a much more t r o u b l e f r e e  manner. 

Our pred ic t ions  regard ing  expected c reep  behavior ,  made a t  
the  beginning of the program, were e s s e n t i a l l y  as follows: 

1) 5AP-2.5Sn (ELI) t i t an ium would creep more than normal 

2 )  Coarse grained m a t e r i a l  would have much l e s s  creep 

3)  6Al-4V t i t an ium would be more r e s i s t a n t  t o  c reep  

4 )  

i n t e r s t i t i a l  material; 

r e s i s t a n c e  than f i n e  grained material; 

than 5AP-2.5Sn t i tan ium;  

Solu t ion  t r e a t e d  and aged 6Al-4V t i t an ium would be 
much more r e s i s t a n t  t o  creep than  annealed material .  

These p red ic t ions  were gene ra l ly  s a t i s f a c t o r y .  I 
The following paragraphs d i s c u s s  creep behavior of t h e  var ious  

ma te r i a l s  i n  d e t a i l .  

The f i n e  grained 5AP-2.5Sn t i t an ium shee t  m a t e r i a l s  exh ib i t ed  
measurable c reep  a t  t he  85% s t r e s s  l e v e l .  The normal i n t e r s t i t i a l  
ma te r i a l  d id  n o t  show t h e  h ighes t  c reep  r e s i s t a n c e  of those  m a -  
t e r i a l s  t e s t e d .  Actua l ly ,  i t  c r e p t  more than  Heat B of t he  E L I  
ma te r i a l  bu t  l e s s  than Heat A. There i s  no obvious explana t ion  
f o r  t h i s  anomaly based on chemistry and meta l lographic  s t r u c t u r e .  
The t ransverse  g ra in  d i r e c t i o n  of  Heat A exh ib i t ed  l e s s  r e s i s t a n c e  
t o  creep than t h e  long i tud ina l  d i r e c t i o n .  

~~~ 



MCR- 6 7 -2 2 1 

zp a U 

.A 

U 
a 4  

a, 

-GI 
35 

- 
0 
43 - 
rr, 
h 

-2 k 
iJ I K  

0 
v\ 

$. 
0 
4 
4 
-4 

03 9 e cu 

4 I 1 c-4 I I N I 1  4 
I I I I -. -. N 

I I  
N 

a 
a, 
u 
0 
C 
v1 
a 
u 
a 
a, 
u x 
aJ 
n 

4 
a 
-rl 
k 
01 
U 
0 
E 
U 
al 
aJ c 
v1 

Ll 
0 
W 



~ 

V I  -4 

It was s u r p r i s i n g  t o  f i n d  t h a t  t he  fo rg ing  m a t e r i a l  crept 
a t  -110°F. 
tanium i n  the  s o l u t i o n  t r e a t e d  and aged cond i t ion  a t  70'F. 

I n  f a c t  i t  exhib i ted  more c reep  than the 6Al-4V t i -  

i 
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The coarse grained 5AR-2.5Sn t i tan ium exhib i ted  creep s t a r t -  
ing  a t  80% of the y i e ld  s t r eng th .  The c reep  s t r a i n s  a f t e r  500 
hr  were s i g n i f i c a n t l y  g r e a t e r  than those exhib i ted  by t h e  f i n e  
grained ma te r i a l  from which they were thermally t r e a t e d  (Heat B ) .  
However, t he  creep s t r a i n s  were similar t o  those determined i n  
the  Heat A t e s t s .  

The forg ing  showed creep a t  80% of the  y i e l d  stress. Creep 
s t r a i n s  a f t e r  500 hr  a t  each l e v e l  were h igher  than f o r  l ong i tu -  
d i n a l  E L I  s h e e t ,  but lower than t h a t  f o r  t he  t r ansve r se  ELI shee t .  

The 6Al-4V t i tanium a l l o y  d id  not show evidence of creep u n t i l  
90% o f  the y i e l d  s t r eng th  was reached. However, f o r  t he  annealed 
ma te r i a l s ,  creep s t r a i n s  a t  90 and 95% were s u r p r i s i n g l y  high. 
The so lu t ion  t r e a t e d  and aged ma te r i a l  showed the  most creep r e -  
s i s t a n c e  of any ma te r i a l  t e s t e d .  

It i s  i n t e r e s t i n g  t o  no te  the  l e v e l s  a t  which creep was f i r s t  
de tec ted  ( see  Table V - 1 ) .  The coarse grained 5Al-2.5Sn t i tan ium 
and 5Al-2.5% forg ing  exhib i ted  creep a t  t h e  80% l e v e l ;  remain- 
ing  5Al-2.5Sn shee t  s t a r t e d  t o  creep a t  85% of the  y i e l d  s t r e s s ;  
and t h e  6Al-4V sheet  d id  no t  creep u n t i l  t h e  90% l e v e l  was reached.  
The d i s tu rb ing  point  i s  t h a t  t he re  appears  t o  be no r e l a t i o n s h i p  
between the s t r e s s  l e v e l  a t  which creep in i t i a t e s  and the  magnitude 
of creep s t r a i n  a f t e r  500 h r  a t  var ious  stress l e v e l s .  For example, 
t he  creep s t r a i n s  i n  the 6Al-4V t i tan ium at 95% of t he  y i e l d  s t r e s s  
a r e  g rea t e r  than many of t h e  f i n a l  s t r a i n s  f o r  t he  5Al-2.5Sn t i -  
tanium, although the  6Al-4V s t a r t e d  t o  e x h i b i t  creep a t  a higher  
s t r e s s  l e v e l ,  
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VII. CONCLUSIONS AND RECO"IMENDATI0NS 

The ob jec t ive  of this work was t o  cha rac t e r i ze  t h e  creep 
behavior of two t i tan ium a l l o y s  (5AR-2.5Sn and 6 A j - 4 V )  i n  
var ious  condi t ions  a t  room and low temperatures .  

The r e s u l t s  o f  t he  research  l ed  t o  the  fol lowing observat ions:  

1) 5Aj-2.5Sn appears t o  be l e s s  r e s i s t a n t  t o  the  onse t  
of creep than 6Aj-4V; 

2 )  Two hea t s  of 5Al-2.5Sn t i tan ium (both f i n e  gra ined ,  
annealed) exhibi ted wide v a r i a t i o n s  i n  creep be- 
havior ;  t h i s  d i f f e r e n c e  does not  appear t o  be re-  
l a t e d  t o  chemistry,  bu t  might r e s u l t  from s u b t l e  
mic ros t ruc tu ra l  v a r i a t i o n s ;  

3 ) .  Coarse grained t i t an ium appears  t o  be less  r e s i s t a n t  
t o  creep than f ine-gra ined  ma te r i a l ;  

4 )  Solu t ion  t reatment  and aging reduces t h e  room t e m -  

5 )  Creep i n  5U-2.5Sn t i t an ium occurs  down t o  -11O0F; 

pe ra tu re  creep s u s c e p t i b i l i t y  o f  6Al-4V t i t an ium;  

i t  i s  cu r ren t ly  unknown whether c reep  occurs  a t  
lower temperatures.  

Based on these  r e s u l t s ,  a l lowable s t r e s s  l e v e l s  f o r  t hese  
t i tanium a l l o y s  should take i n t o  cons ide ra t ion  time-dependent 
p l a s t i c  deformation.  The d a t a  obtained i n  t h i s  program a r e  not  
s u f f i c i e n t  t o  d e f i n e  r i g i d  al lowable stress l e v e l s  f o r  t i t an ium 
a l l o y s ;  however, t he  da ta  suggest  t h a t  f o r  sus ta ined  load con- 
d i t i o n s  a l i m i t i n g  s t r e s s  of 85% of the  y i e l d  s t r e n g t h  f o r  6Aj-4V 
and 75 t o  80% of t h e  y i e ld  s t r e n g t h  (depending on form and con- 
d i t i o n )  f o r  5Aj-2.5Sn be imposed. 


